Arguably, the current planform behaviour of the Indus River is broadly predictable. Between Chashma and Taunsa, Pakistan, the Indus is a 264-km-long multiple-channel reach. Remote sensing imagery, encompassing major floods in 2007 and 2010, shows that the Indus has a minimum of two and a maximum of nine channels, with on average four active channels during the dry season and five during the annual monsoon. Thus, the network structure, if not detailed planform, remains stable even for the record 2010 flood (27,100 m 3 s
Introduction
Changes in the planform of the multiple, divided channel networks that typically characterise the lower courses of the world's largest rivers are conventionally considered unpredictable using approaches developed for smaller rivers (Latrubesse, 2008) . However, understanding how such anabranching rivers behave is essential to develop modelling and management schemes for such rivers. The control of water and sediment flux is an urgent issue, as it is linked fundamentally to widespread flooding, infrastructure disruption, population displacement, crop destruction, reservoir sedimentation, and the wider issue of water resources protection more generally (Vita-Finzi, 2012 ). Huang and Nanson (in a series of papers summarized by Huang and Nanson, 2007 , Huang, 2010 and Nanson et al., 2017 , appealing to a Maximum Flow Efficiency (MFE) principle, have shown in a mathematical analytical form that a river planform characterised by multiple channels can be the equilibrium and optimal condition for flow that is transporting bedload in a self-adjusting alluvial system. Moreover, this approach allows for a degree of prediction of how the channel patterns will adjust following prescribed changes to the discharge, width and depth, or channel numbers within the system. Such an approach is attractive, not least because it is not overly complex to apply, but such theoretical methods have not yet been tested with robust field data from the world's largest rivers, where the impacts of river adjustment on human populations represent an urgent global challenge. A particular limitation is the need to robustly test such new theoretical approaches to demonstrate the behaviour of channel patterns subject to perturbations to the annual flood pulses that typically characterise the hydrology of large rivers.
In this paper, the focus on a multichannel reach of the Indus River in Pakistan is to ascertain if the divided channel pattern has any degree of predictability. The study reach lies downstream of Islamabad, between the Chashma and Taunsa barrages (Fig. 1) . Within the study area, the river follows a geological suture and has been in its present location at least since the early Eocene (Clift, 2002) . However, the reach has been subject to natural environmental change during the Holocene and to significant human engineering and water abstraction interventions over the last century (Gilmartin, 2015; . Despite such potential disruption, this large and powerful alluvial river must be difficult to destabilise, such that it operates today very close to an optimum equilibrium of fluid, sediment, and morphology for prevailing climatic conditions and human interventions at decadal timescales. Whilst local transient states may exist, including lagged adjustments to recent climate change and engineering control, the scale of the system suggests that it is significantly buffered (Dade and Friend, 1998; Clift and Giosan, 2013; Pizzuto et al., 2017) and has evolved iteratively towards an optimum condition to discharge, both fluid and the imposed sediment load, over extended time periods (Dade and Friend, 1998) . Even if, owing to a variety of imposed confounding factors such as human impacts, it may not achieve that condition exactly, buffering implies that defining the current near-optimum should be possible. Thus, although such a complex channel network may display elements of stochastic behaviour, it must also exhibit predictable behaviour.
From the arguments above, the aim of this study is to demonstrate that the behaviour of the Indus River study reach is consistent over time and has a degree of predictability in accord with the MFE principle. By corollary, a similar approach might be applied to further understanding of other large rivers. The objectives are to (i) determine channel changes along the study reach through time, inclusive of the impact of a major flood event that occurred in 2010; (ii) test if models of MFE developed using the data from this study could reproduce aspects of the system behaviour; (iii) and to learn lessons about river channel behaviour that might usefully inform river corridor management practices.
Two hypotheses were developed: (1) that channel change through river bank recession is predictable and (2) that the channel network will approach an optimum configuration to transfer the imposed fluid and sediment loads downsystem. From (2) it follows that: (3) the channel network properties should be insensitive to larger, if not exceptional, monsoon-induced flows. This last point is particularly timely given the exceptionally large flood that the Indus experienced during the 2010 monsoon season and in the context that hydrological extremes are likely to become more frequent as a result of likely changes in the hydrology of the Indus River owing to climate change (e.g., Singh and Bengtsson, 2004; Laghari et al., 2012) and future flow regulation (Walton, 2010) .
The context of the study reach
The study reach is a 264.6-km thalweg-length of the Indus River in Pakistan, with a valley slope (S) of 0.00024 to 0.00028 between the Chashma and Taunsa barrages ( Figs. 1 and 2 ). The annual peak discharge values vary in size, although the timing of the progression of the monsoon flows is consistent (Winston et al., 2013) . Annual peak flow occurs between June and late September, during the southwest monsoon. The high flows of the summer monsoon are augmented by snowmelt from the north that transports a large quantity of sediment from the Himalaya southward (Inam et al., 2007) . The annual monsoon flood usually peaks at Chashma at discharges of between 5000 and 20,000 m 3 s −1 (Fig. 3) , with a mean annual flood ( . However, a large flood occurred in 2007 followed by an exceptional flood in 2010 that is the largest recorded since 1929 (Kale, 2014) . The 2010 flood is estimated to have peaked at between 27,100 and 29,356 m 3 s −1 (Ali, 2013) , with an RI N 100 years. The average daily discharge (1998-2012 data) declines between Chashma and Taunsa by 14%, primarily because of abstraction at Chashma. Other than basic discharge data, other published information on the Indus River in the study reach is limited (Milliman et al., 1984; Young and Hewitt, 1990; Syvitski and Brackenridge, 2013) ; so it is worthwhile, at this point, to report an assessment of published data, together with some preliminary data and analyses developed at the inception of this study, to provide context for the Results and Discussion.
The riverbed is alluvial and unconstrained laterally, except where it abuts river terraces or is locally trained by engineering works (Fig. 2) . Satellite images show little variability in the meagre natural semiarid vegetation cover and sandy bed material downstream. Individual channel widths can range from a few tens of metres to 100 s of metres with some channels up to 6 km wide, including in the dry season when wetted channel widths N1 km remain common. Where the river impinges terraces, the terrace edge ( Fig. 2) can be precipitous and up to 25 m above the low water level. The total macrochannel (sensu van Niekerk et al., 1995) is commonly 10 km wide including sand bars, islands, wet channels, and dry channels. The wetted channel planform divides around lightly vegetated, moderately stable islands that are inundated in the monsoon as well as around a multitude of mobile sand bars. In this respect the channel network is considered to be predominately an anastomosed system in accord with the terminology of Carling et al. (2013) . Where a single channel dominates, the channel tends to be very wide (~6 km), whereas multithread reaches have narrower channels. There are no published data on channel depths and velocities at high and low flow, so some preliminary field surveys were required that we report at this point (rather than in the Methods and the Results) to provide context for the remainder of the study. No further surveys were possible because of security concerns. Hydraulic field surveys were completed at a section of the main channel near Alluwali (32°22′ 13.77″ N; 71°24′ 34.62″ E) immediately downstream of the Chashma barrage ( Fig. 2 ) in September and October 2012. In 2013 the section was surveyed and bank sediment samples obtained. These surveys utilized ADCP and dGPS deployed in a small, powered, rigid boat to monitor velocity, water depth, and channel widths for low flow conditions. Local channel discharges of 1990-4400 m 3 s −1 showed that the channel carried around 88% of the flow gauged at Chashma, with the residual discharge passing through four other smaller wetted channels at that section. Surveyed bankfull depths at the cross-sections were between ca. 13 and 19 m. The low flow wetted main channel varied from 741 to 935 m wide, with average water depths ranging between 4 and 9 m. Average flow velocities in these conditions were low, only increasing from 0.93 to 1.24 m s −1 over the range of gauged discharges, and Manning's n was constant~0.08 during these specific surveys. Utilizing local ADCP velocity profiles data, the kinetic streampower Ω was ≤ 7260 W m − 1 , with a unit streampower ω ≈ 3.6 W m −2 and bed shear stresses of O 10 N m −2
. Estimated flow depths and bed shear stresses using procedures detailed in Bettess and White (1983) ), consistent with the observed low-flow velocities. Analyses of suspended sediment concentration and suspended load data for the reach are scarce and there are no bedload data (Rehman and Sabir, 1996; Bhatti et al., 2011) ; but overall the load of the Indus reaching the ocean has reduced since barrages were constructed from the mid-twentieth century (Gupta et al., 2012) . Using undefined sediment sampling data from 1902 to 1960, Kirmani (1962) estimated around 366 to 470 metric ton of sediment were delivered to the study reach annually, but he regarded the reach as nonaggrading owing to a comparable efflux downstream. This period of time is before substantial flow controls were constructed on the river, the large Tarbela dam being constructed upstream of the study reach in 1976. The sediment inflow to the Tarbela dam is estimated as 200 metric ton per year, of which around 14% per year is retained in the impoundment (1976 to 2011) (Haq, 2013) . This sediment retention has resulted in the load at Chashma now being estimated as around 75 metric ton per year and 84 metric ton per year at Taunsa (Haq, 2013) . Despite the apparent increase in load downstream, aggradation is occurring upstream of Taunsa (Gaurav et al., 2011) . According to Kirmani (1962) around 88% of the total load is transported during the monsoon season, and suspended sediment concentrations at that time are within the range 120 to 180 mg L − 1 . These various determinations of suspended load should be treated with caution (concentrations seem low -vis Sabir et al., 2013 -and may reflect near-surface sampling Rehman and Sabir, 1996) but provide an order of magnitude estimate of the minimum suspended sediment load in the study reach. Dade and Friend (1998) (Song et al., 2001) . A 15-km-wide buffer polygon was segmented into 5-km subreaches (Fig. 2) ; the latter used for collating channel change data at fixed downstream sampling intervals. The choice of 5-km spacings for cross sections is based on the axiom that sections spaced at intervals equal to between 3 and 10 channel widths are required to represent channel morphology adequately (e.g., Yalin, 1977; Samuels, 1990; Miori et al., 2006) . As the major wetted channels are at least 1 km wide, the 5-km spacing seems appropriate. This supposition was tested in a post hoc analysis using time-series analysis techniques (Hamilton, 1994; Chatfield, 1996) as is explained further in the Results.
To enable statistics to be collected for left and right bank, a river macrochannel centreline following the thalweg was determined and used to split the subreaches into left or right bank elements. Landsat and SPOT images were converted into raster data sets reclassifying the image into three categories: water, bare ground and vegetated ground (Fig. 4) for the low flow periods, year-by-year, using unsupervised classification for Landsat and supervised classification for SPOT images; the latter resampled to 30 m resolution for comparability with Landsat imagery. Bare ground consisted primarily of channel sand bars, floodplain sand splays, and some floodplain scour holes. Thus, losses in any type of vegetated land (comparing sequent low flow periods) were regarded as areas of land lost owing to the intervening monsoon flood peak flow.
Time-series analysis
In order to determine if the 5-km spacing of sampling cross sections noted in the above section are representative of reach-scale processes, time-series analysis techniques (Hamilton, 1994; Chatfield, 1996) were applied to the bank erosion data, treating the cross sections as a downstream spatial series.
For brevity this method is not explained here but is presented by Meshkova and Carling (2013) . Autocorrelation (ACF) and partial autocorrelation (PACF) functions for the data series were obtained using MiniTab 16 (MiniTab Inc.) software. Autocorrelation analysis in this application describes the correlation of each single data point in a spatial series with its neighbouring upstream or downstream values, such that the analysis provides some indication of 'memory' in the data series along the channel. Thus, it is useful to determine more precisely the significant lag value beyond which there is no statistical persistence (i.e., no 'memory' between a given data point and data values at a given lag upstream or downstream). For example, once the correlation between individual cross sections at given lags falls below a selected confidence limit (in this paper 95% is used), the data points can be considered uncorrelated. Thus, if the cross sections are spaced at 5 km and the correlation becomes nonsignificant at lag 3, it might be interpreted that there is no downstream memory in the series after a distance of 15 km.
Selection of representative discharge
In all analyses below, the discharge quoted is from the Chashma barrage downstream gauge. A positive relationship can be reasonably expected between the area of vegetated land lost and some measure of the monsoon peak flow. However, low flows will result in negligible land loss, so there likely is a threshold discharge value (Q c ) below which a SPOT imagery was originally supplied as 20 m resolution data but this was resampled to 30 m prior to land loss analysis. b For low flow periods, in some years it was not possible to cover the study area with imagery taken for a single date, thus these periods are a composite of days. significant land loss does not occur, bank retreat is minor, and changes to the channel network are unlikely. In similar fashion, there should be a relationship between discharges flooding overbank and the area flooded. There is a general understanding that bank erosion is a positive function of discharge (e.g., Gares et al., 1994) . For example, Darby et al. (2010) used an excess shear stress function to describe bank recession rates (ε) that reduces to a linear or power function of discharge depending on local site characteristics. To explore the relationship between discharge and annual land loss a representative annual discharge is required. Peak discharge Q p clearly is a simple and convenient index of the applied streampower associated with the annual flood hydrograph (Magilligan et al., 2015) . As bank erosion generally does not occur for low flows, sometimes it is advocated to integrate the discharge or the streampower above a given threshold Q c throughout a flood as a measure of the energy available for bank erosion (e.g., Costa and O'Connor, 1995; Sear, 2004; Darby et al., 2010) . Thus, considering only Q p − Q c , rather than integrating above a threshold, river bank recession (or land lost) might conveniently be indexed by the function.
where the bank erodibility coefficient k and the regression constant a are determined empirically. A benefit of considering a monsoon system is that, in the main, the hydrograph is a simple single-peak event with a large peak value in contrast to the discharge values in the low flow period (Fig. 3B ). Preliminary calculations (not reported herein) showed that use of the annual peak discharge value provided just as good an empirical index of the annual flood's ability to induce land loss as consideration of an integrated discharge above a threshold or consideration of integrated power. Consequently, peak discharge values are used herein, as these values are more useful for routine application to risk assessment (Khan et al., 2011) .
Equilibrium channel network
Crosato and Mosselman (2009), Huang and Nanson (2007) , Eaton et al. (2010) , and Nicholas (2013a Nicholas ( , 2013b have determined from theory that stable channel networks have few channels. Stability is defined herein as a network having the same number of channels through time and space. Eaton et al. (2010, p. 356 ) stated that 'stable anabranch channels exhibit two or possibly three channel threads, but not more'; whereas Huang and Nanson (2007) argued for three to four channels as being stable. The key observation, in both cases, is the small number of channels that theoretically constitute a stable channel network (Bolla Pittaluga et al., 2003; Kleinhans et al., 2008) .
Here we apply the concept of Maximum Flow Efficiency (MFE) as defined by Huang and Nanson (2007) . Minor typographic errors that occurred in some of the equations published by Huang and Nanson (2007) are corrected as given below. Huang and Nanson (2007) demonstrated that in low gradient systems, where gradients cannot be increased, multiple-channel networks are more efficient for sediment transport than single channels. These rivers must evolve to achieve MFE, whereby the maximum amount of sediment is transported per unit of applied stream power within the given number of channels. The theory is expounded in Huang and Nanson (2007, and earlier work cited therein) and for brevity the derivations of key equations are not provided here as they have been provided prior (Huang and Nanson, 2007) . Huang and Nanson (2007) made use of the revised Meyer-Peter and Müller (1948) bedload transport function as developed by Wong and Parker (2006) . Fundamentally, for a given discharge Q, slope S and bed grain size d, a teleological adjustment to channel form (indexed by W/D = Ϛ, and η the number of channels) follows such that the bedload sediment transport approaches a maximized aggregate value across all channels.
The bedload sediment discharge for the total of channel widths is
where ζ is the width/depth ratio and K 1 , K 2 , and K 3 are coefficients calculated as below:
For multiple channels, the coefficients K 1 and K 2 are redefined as
where η introduces the effect of the number of channels.
In an alluvial channel with a given width, channel depth is the only geometric variable that is fully adjustable, which is a useful outcome in the case of the Indus where channel depths are ill-defined. The bedload sediment discharge is then obtained as:
where K 1 and K 2 are defined as
For a given channel width, the river depth D is determined using a trial-and-error method:
where W t =Wη. The test cross section chosen in the Indus was the section at Alluwali (see Fig. 2 ) detailed in Section 2, as this is the only section for which there are sufficient hydraulic and geometric data available. As well as applying Eqs. (2) and (3) above, the effect of partitioning the discharge between channels was also examined. In the absence of other information, the discharges gauged at Chashma on each of the days of the field surveys were proportioned between channels in direct relationship to their widths. This procedure resulted in 62% of the flow being assigned to the widest channel, whereas the field survey indicated 88% was the appropriate discharge. The difference reflects the unknown depth factor, so the issue of unknown depth was considered further. Iterative application of Eq. (4), commencing with an estimated water depth, for each of the five measured channel widths resulted in little difference in predicted channel depths~2.5 m. Note that this value is on the low side of the observed depths noted during the field surveys of the main channel and may reflect very shallow flows in the subsidiary channels. Nevertheless, bedload sediment discharge within each channel also was calculated using the Huang and Nanson (2007) model as well as being calculated for the sum of the five channel widths as if one wide channel existed. Because of the minimal difference in calculated depths the difference in the estimated bedload was only 0.14%. Calculations using Eqs. (2) and (3) ).
Results

General observations
In this section some general observations are made that were derived from the extensive analysis of the remote sensing data. In the following sections (4.2 and 4.3), network adjustment is considered more fully and quantitatively.
The expansion of the wetted area from low flow to high flow rarely includes development of new channels. Rather, dry channels are reoccupied annually, as is evident in Fig. 5 . In Fig. 6A it may be seen that some low flow channels are always occupied, whereas others are occupied intermittently. It is evident that high occupancy occurs close to a centrally located thalweg with lower and variable occupancy either side of the thalweg. This lateral decline and variable occupancy can only occur because of lateral erosion of the margins of the macrochannel in some years, with concomitant sedimentation on the opposing macrochannel margin (see Section 4.2). Note, however, that the low flow network pattern is consistent year after year, occupying a relatively constrained corridor, albeit with some lateral expansion in a few years. A degree of low flow network stability, if not individual channel stability, is evident. Fig. 6B depicts the low flow channel pattern the year after the 2010 flood. Although, as shown in Fig. 6C , some channel change was evident by 2012, there is an overriding tendency to repeat the high flow channel pattern year after year; although year by year, different channels may have greater or less dominance in terms of discharge. Thus, rather than extensive change in the network geometry, the 2010 flood primarily resulted in the formation of new sand bars, as picked out in Fig. 6C , river banks retreated (as described in the following section), and extensive deposition of sediment occurred across the floodplain.
Vegetated river bank retreat occurs primarily at outer bank locations of low radius, high curvature bends. An example of this association is presented in Fig. 7 . In this example, bend extension, resulting in the loss of vegetated land, has occurred at the point of tightest channel curvature on the true right bank by vegetated land converting to open water (effectively river bank erosion), with an associated loss of productive agricultural land. At the same time, much of the wetted area on the left bank has converted to bare sand bars. Nevertheless, increase in curvature has resulted in an incipient cutoff channel developing across a stabilizing point bar where vegetation is colonizing bare sand.
From the above (Figs. 5 through 7) the macrochannel behaviour, in terms of the number of channels, is clearly shown to be quite stable year after year. Fig. 8 shows the number of wetted channels observed for the Chashma-Taunsa reach for each year from 1998 to 2012, at low flow and high flow conditions. The channels are counted from 44 subreaches of 5 km length. As well as having a well-defined low flow thalweg (Fig. 6A) , the Indus is characterized by a minimum of two and a maximum of nine channels in total for any given surveyed cross section. The average number for the low flow season is 4.7 with a standard deviation of 1.6, while in the high flow season the number Fig. 5 . Expansion of the wetted area over nine flood seasons during the high flow period. The darkest red represents locations wetted in all nine years and thus the persistent wetted channel network; brown shading represents less frequent channel locations, whilst yellow represents high flow inundation (including west-bank major canals). White areas were never flooded. Flow top to bottom. The location of this reach is shown in Fig. 2. of channels is higher with an average of 5.6 and a standard deviation of 2.1. Overall, the high flow season has one more channel than the low flow season. On average, ignoring seasonal variation and spatial change, the number of channels observed in this study reach is five, but about four channels are wet during the dry season and five during the monsoon.
River bank recession
Hypotheses (1) is tested within this section. In Fig. 9 it is evident that the vegetated land loss following the 2010 flood was equal to or up to four times as great as the land loss related to lesser monsoon floods in the previous 10 years. However, this loss was primarily owing to conversion of vegetated areas, including agriculture, to bare sand rather than to wetted channel network expansion. Thus, we may infer that the exceptional flood of 2010 deposited sand extensively because of the prolonged deep-inundation of the floodplain. Conversion of vegetation to bare ground would also have been greater in 2010 owing to the long period of deep inundation, that would lead to vegetation die-back which will be less prevalent when the duration and depth of inundation (because of lower level floods) is less. Consequently, the duration of inundation is also a likely factor in the expansion of sandy areas and in the potential destabilization of the network related to loss of riparian vegetation. Land losses were fairly evenly distributed throughout the study reach (Fig. 10) .
Thus, to consider channel change more specifically, it is necessary to concentrate on the loss of riparian land on the right and left banks down the full length of the system. The land lost each year relative to the peak discharge was determined for right and left banks at each of 44 5-km spaced cross-sections, yielding 88 determinations, as illustrated for a single cross section in Fig. 11 . Despite the inevitable bunching of data for discharges up to 15,000 m 3 s −1 and in contrast to the plotted position , which value can be considered as the bank erosion threshold value Q c . Consequently, all positive regressions were constrained to intercept the x-axis where Q = 6000 m 3 s −1
. Ninetyfive percent confidence limits around zero-intercept regression curves demonstrated that the true intercept could lie between 0 and 13,000 m 3 s −1 (not illustrated). As the monsoon flood rarely peaks below 6000 m 3 s −1 , it is possible to discount intercept values b6000 m 3 s −1
. In addition, as six of the study years exhibited land lost for peak discharges b 13,000 m 3 s −1
, it is not unreasonable to accept a threshold Q c value of 6000 m 3 s −1 for practical applications.
For each section with significant trends, hindcasts and forecasts are possible, as shown in Fig. 11 . Because there is a significant end-point control imposed on the slope of all positive regression lines by the 2010 datum at 27,100 m 3 s − 1 , 95% confidence limits and standard error ranges were fitted to all cases to determine the uncertainty in land loss. In this manner, the uncertainty in likely land lost can be explored for any given discharge. For example, in Fig. 11 the uncertainty of predicted land lost using the plotted curve is shown by standard error bars. To test the applicability of such an approach, supplementary land loss data (derived from satellite imagery) for seven additional years also are plotted (2003 to 2008 and 2011) . These data were not available at the time of the main analysis, but importantly these points were not included in deriving the regression equation. Three of the observations fall within the range of the associated uncertainty, giving some confidence in the general approach. It is not clear however if the apparent linearity of bank erosion as a function of peak discharge represents the true process response. For example, for very large overbank floods one might anticipate that bank erosion might reduce, owing to much water being transferred downsystem over the floodplain, away from banklines. In contrast, bank erosion might increase for very high floods related to the increased power applied to the banks especially during falling flows as the energy gradient of water running off the floodplains steepen as banks emerge. Additional data for high-flow years would be required to test this point. Comment is necessary with respect to the negative or indeterminate regressions that represent 30% of the sample. In most cases the coefficients of determination (r 2 ) were low and not significant. Using remote sensing it is easier to identify a clean-cut bankline in contrast to the margin of an accreting sandy point bar. The former should have welldefined interfaces between vegetated land and water, whilst the latter will have ill-defined interfaces because of shallow water on low-angle sand bars and a lack of riparian vegetation. Nevertheless, negative regressions can be ascribed to some degree of lateral accumulation into a channel that was previously wetted. Notwithstanding, it is clear then that, with 70% of regressions being positive, the macrochannel tends to widen on high flows and widened appreciably in 2010, without defined compensating lateral accretion during the same event. In this manner, it appears that the system capacity expands as discharge increases. This conclusion is in accord with the more general interpretation of Figs. 6C, 7, and 9.
Reviewing the positive (erosion) or negative (aggradation) sign of the regression relationships, it was evident that there was some grouping of signs for sections in a downstream direction with several tens of kilometres being dominated by either positive or negative signs (Fig. 12 ) that might reflect reach-scale changes in river behaviour. Alluvial rivers tend to incise and narrow when the ratio of sediment supply to transport capacity decreases, and they tend to aggrade and broaden when that ratio increases (e.g., Bull, 1991) . The predominance of channel widening by erosion immediately downstream of the Chashma barrage (completed 1971) and deposition upstream of the Taunsa barrage (completed 1958) is as might be expected and as observed prior (Gaurav et al., 2011) , with bed degradation below barrages (Kondolf, 1997) and aggradation above them being a common response (Evans et al., 2007) . The controls on the variability observed in the middle reaches are yet to be investigated. The extents of the downstream impact of the Chashma barrage (ca. 30 km of channel widening) and the upstream impact of the Taunsa barrage (15 to 45 km of channel narrowing: see Discussion) on land lost or gained provide some indication of the maximum timescales associated with significant channel change. Adopting 2010 as the baseline date for this study, the Chashma barrage has induced changes within 39 years, whilst for the Taunsa barrage changes are within 57 years. Thus, measurable channel changes occurred over many kilometres within only several decades.
The time-series analysis demonstrated nonrandom section behaviour (not illustrated). Autocorrelation and partial autocorrelation between sections indicate N60% probability that the result at any one section is applicable to the next neighbour (10 km reach) and possibly 20-km reach. Although a higher percentage probability would be preferable to transfer inferences derived at 5-km-spaced sections to intermediate locations, it is otherwise remarkable that a multichannel network that initially appears somewhat chaotic, or at least stochastic, in planform behaviour should exhibit spatial 'memory' along reaches measured in tens of kilometres.
Consequently, hypothesis (1), that channel change through river bank recession is predictable, is supported by the analyses above.
Channel network stability
Hypotheses (2) is tested within this section. 11 . Example of land lost at cross-section 36. Land was lost on both banks so the data for both banks are summed (N = 7). The standard error bars provide discharge specific estimates of uncertainty in predicted land loss.
The model of Huang and Nanson (2007) is applied to the Indus River for the example of cross section 23 at Alluwali. Analysis considered (i) the optimal sediment transport for an hypothetical single channel with an aggregate width-depth ratio Ϛ for the five channels observed at this section that conveys the gauged discharge (Fig. 13A) , and (ii) for five individual channels (η = 5 is the average observed from 1998 to 2012; Figs. 8 and 13B). As detailed by Huang and Nanson (2007) , the sediment discharge function has a dome shape, with the peak value of the maximum sediment transport capacity located at the optimum Ϛ value. In the case of the Indus River and for the average monsoon peak flow of 7530 m 3 s −1
, the optimum Ϛ ratio for one aggregate channel is 2650 with the maximum Qs value of 0.1787 m 3 s −1
. The optimal Ϛ value for a 7530 m 3 s −1 flood may be compared with the low flow field data where D was O 1-9 m, channel aggregate width was 2720 m and observed aggregate Ϛ values varied from ca. 600 to 2720 as discharge varied. These results imply that the system should become more efficient during high flows when the wetted widths increase substantially in contrast to depth increases of only several metres. Solution of Eqs. (2) and (3) for a very small discharge (3000 m 3 s −1 ) produced vanishingly small bedload sediment transport rates, which is consistent with the argument given above that a threshold for river bank erosion lies around a monsoon peak discharge value of 6000 m 3 s −1
. Increasing the peak discharge to 13,200 m 3 s −1 (2-year RI flood) and then to 27,100 m 3 s −1 (record 2010 flood) caused the optimal value of Ϛ to increase somewhat as the maximum sediment transport rate increased from 0.3087 to 0.6435 m 3 s −1
. The peak in the dome-shaped sediment discharge curve became flatter and broader, such that the optimum value of Ϛ was not achieved so readily for the range of parameter values. In the same manner, increasing the number of channels from 1 to 5 resulted in a small but consistent reduction in bedload sediment transport rate. Taken together, it is evident that for the range of parameter values that reasonably apply to the Indus, the optimum in bedload transport rate is most readily achieved for a peak discharge in the vicinity of 7530 m 3 s −1 with a reasonable result obtained for 13,000 m 3 s −1 and progressively less acceptable solutions as peak discharge rises further. In the five-channel system of the Indus River (Fig. 13B) , it is hard to see peak sediment transport because of the broad shape of the peaks to the curves, so a close up view is also plotted (Fig. 13C) . As reported by Huang and Nanson (2007) , the optimum width/depth ratio Ϛ for multiple channels becomes less, reducing from 3650 for one aggregate channel to 655 for each of the five channels.
Figs. 14A and B show the total width/depth ratio of the whole anabranching system. Fig. 14B is a close-up view at the maximum sediment discharge. Similar to Huang and Nanson (2007) , at the optimum state where sediment discharge reaches the maximum value, the total Ϛ for a whole anabranching system is larger than for a single channel. The maximum sediment discharge for a single channel reduces slightly from 0.1787 to 0.1782 m 3 s −1 for five channels (a reduction of only 0.28%) while the equilibrium aggregate Ϛ increases from 2650 to 3300 (24%). The dashed line in Fig. 14B illustrates the number of channels corresponding with their total Ϛ with the same amount of sediment transported. The trend of Ϛ as a function of η along the pecked line in Fig. 14B is illustrated in Fig. 15 . Also similar to Huang and Nanson (2007) , a multiple channel system has a lower total width/depth ratio than a single channel system with the same amount of transported sediment. Consequently, hypothesis (2), that the channel network will approach an optimum configuration to transfer the imposed fluid and sediment loads down system, is supported by the analyses above.
Discussion
The Indus is a complex sand-bed channel network with elements of stochastic behaviour, but nevertheless network properties are to some extent predictable. The network expands only slightly from the dry season to the wet season from four to five channels which implies that b~25% additional monsoon water is conveyed in the additional channel, with any excess water being stored or transported overbank (Fig. 9) . Bankline retreat occurs for all competent discharges greater than ca. 6000 m 3 s −1 but tends to be countered to a lesser extent by point bar extension on the opposing bank. As noted in many other rivers (Buraas et al., 2014) , there is only a slight increase in channel capacity following large flood events (Fig. 11) ; and this was particularly evident in 2010 with an extension of the area of sandy point bars owing to bank erosion out-weighing bankline accretion. In this respect, hypothesis (3) is satisfied in that the channel network approaches an optimum configuration to transfer the imposed fluid and sediment loads downsystem; and so the channel network properties are insensitive to larger, if not exceptional, monsoon-induced flows. This conclusion is explored more fully below. Thus, although channel network capacity increases when contrasting the dry season and the wet season (as it also adjusts for higher annual floods), the increase in capacity is not significant in comparison with the range of gauged flood peak discharge values. The apparent stability seems to contradict local observations of avulsion and the relatively high bankline retreat rates (e.g., 160 m per year at Alluwali) at some sections, but these indeed are local adjustments when compared with the reach-scale stability of the system. It is evident that there appears to be two primary controls on the lack of channel capacity: (i) the lag time that is required for channels to adjust and (ii) the control of the regional valley slope; the latter is effectively fixed. An increase in channel capacity, including the development of new channels through avulsion (Edmonds et al., 2009) , is controlled strongly by the duration of the flood event (Magilligan et al., 2015) . Miori et al. (2006) noted that although an alluvial channel will widen slightly owing to a large discharge, channel narrowing post event is not physically justified to accommodate lower discharges. In the short-term, the wetted channel cross-section of lower flows will reduce within the physically larger channel; the latter remains in place and could accommodate larger flows. The fact that large monsoon floods occur annually means that there is no time available for channel capacity to reduce substantially to accommodate only a series of lower dry season discharge events. This point is illustrated by the discrepancy in the optimum Ϛ ratio calculated using the MFE for flood flow and the observed low flow Ϛ ratios that reflect the inevitable disequilibrium between high flow channel form and low flow conveyance. Channel narrowing can occur by local lateral deposition (Sorrells and Royall, 2014) (which is a minor response at a short timescale) during a series of lower discharge events, but the system in the short to medium term needs to await network reworking (e.g., by lateral channel migration) by monsoon floods to induce any significant adjustment to the larger channels. Nevertheless, the fact that large flood flows are substantially accommodated on the floodplains (Fig. 9) implies that the system is unable to adjust to convey large flood flows in-channel, as has been observed for other large floods (e.g., Magilligan et al., 2015) and that extremely large floods do not necessarily change the channel or floodplain morphology (Latrubesse, 2008) . It is useful to explore this matter further with respect to the control of the valley slope. Although the river cannot readily increase its regional slope, imposition of the barrage at Taunsa (1958) has caused substantial bed aggradation (Sinha, 2010; Gaurav et al., 2011 ) and a reduced bed slope over the length of the backwater reach. Provided with sufficient information on surface water levels throughout the study reach, the backwater length L b could be calculated accurately (e.g., Chow, 1959) but here may be approximated using simple trigonometry as
where D b , the near-bankfull depth, is b 13 m and S is 0.00024 to 0.00028 as defined in Section 2. Using these values the maximum backwater length is between 46 and 56 km, which compares well with the estimate of 45 km obtained from Fig. 12 , wherein channel narrowing and presumed concomitant bed aggradation were noted upstream of the barrage. Substituting the barrage height (7.925 m) as h b into Eq. 5, to replace the bankfull depth, the backwater length is between 28 and 33 km. In either case, there should have been a reduction in the channel gradient within the backwater length. The application of the Huang and Nanson (2007) MFE demonstrates the control that the imposed regional slope has on the potential evolution of channel networks with additional capacity (Huang and Nanson, 2007) . Reducing the regional slope in Eq.(2) demonstrates a significant reduction in sediment transport capacity and an expected increase in Ϛ and η. At the same time, any increase in the number of channels in the reach would also be associated with a reduction in sediment transport efficiency (Huang and Nanson, 2007) as is evident in Fig. 14B . Thus, backwater sedimentation (Millar, 2005) should induce avulsion (Mohrig et al., 2000) to form additional channels in the network although the precise controls remain uncertain (Ganti et al., 2014) . Notably (see Section 3), the Huang and Nanson (2007) MFE procedure considers only channel adjustments due to changes in bedload flux. The estimate of the optimum quantity of sediment transported as bedload (Fig. 14A ) during a monsoon flood discharge using the MFE produces a result that is around 3 to 4% of the estimated total annual load of suspended sediment. This value may be an underestimate of the bedload, for example Radecki-Pawlik et al. (2014) calculated 15% just upstream of the delta, but the percentage is consistent with the generally low rates of bedload transport as a fraction of the total load reported for large sand bedded rivers that carry high concentrations of suspended materials (Turowski et al., 2010) . Thus, considerable suspended sediment may be depositing in the backwater reach, accelerating local channel change. The long-term effects of barrage construction are difficult to assess because of the lack of detailed data on pre-barrage channel network topology.
Nevertheless, despite the imposition of barrages several decades ago, the Indus River network (at the full reach-scale investigated in this study) remains a near-equilibrium system that is conveying water and sediment most efficiently. Reach-scale gradient increase would be required to increase conveyance, but this is not an engineering option. So, once the optimality of the network is recognized, in that multiple channels are necessary to transfer the annual flux of water and sediment, it makes economic sense to provide the rivers with sufficient space to continue to transfer the fluid discharge and the imposed sediment load towards the ocean. Sinha (2010) and Gaurav et al. (2011) noted a significant levée failure upstream of Taunsa during the peak of the 2010 discharge event and recognized that aggradation caused by the Taunsa barrage was putting levées increasingly at risk of failure, in part because engineering works encroach closely on the river macrochannel (Gaurav et al., 2011) . In this latter respect, the study reach is also subject to the risk of engineering-induced avulsions as was noted by Syvitski and Brackenridge (2013) for the lower course of the Indus River below the Sukkur barrage. Constructing embankments at a sufficient distance from the channel network could prevent extensive inundation of floodplain areas without impeding the function of the channel network significantly. Such an approach, requiring modelling studies, would reduce capital investment in local river training works that, most often, are placed adjacent to, or within, the existing channel network and which fail on a regular basis. As the discharge and the sediment flux are modified anthropogenically, or by natural climate change, the space required by the river could be reviewed. Fluvial adjustments in the lower reaches of this large river are sufficiently buffered to allow informed management solutions to be applied successfully to deal with emerging channel control issues as human pressures and climate changes demand.
Conclusions
Aspects of the planform behaviour of the middle reaches of the Indus River in Pakistan, between Chashma and Taunsa, are predictable. The multichannel river is typified by between 2 and 11 channels at any cross-section, with on average four channels active during the dry season and five during the monsoon. Thus, the expansion of the network during the monsoon is slight and is owing to reoccupation of channels that are dry during low flows. Thus, the network structure, if not its detailed planform, is relatively stable year to year.
No significant bank erosion occurs for peak annual discharge values of b 6000 m 3 s − 1 . The bank line recession is a linear function of the annual peak discharge up to at least 20,000 m 3 s −1
, but vegetated land lost because of sand deposition on the floodplain is disproportionately large for exceptional floods such as the 2010 flood of 27,100 m 3 s −1 .
Despite some channel widening caused by high annual monsoon peak discharges, there was no significant change in the character of the channel pattern following the 2010 flood. Application of the Huang and Nanson Maximum Flow Efficiency principle demonstrates that the river channel network is relatively insensitive to the monsoon floods, as it maintains a network that is in near-equilibrium with the mean annual flood flow of 7530 m 3 s − 1 .
This conclusion pertains because the decadal timescale for adjustment of the network is much longer than the timescale of the monsoon hydrograph, with the annual excess water being stored and transported across floodplains rather than being conveyed in enlarged channels. The analysis explains the lack of significant channel adjustment following the largest recorded flood in 40 years. Major overbank flows will persist in future high-flow events. Consequently, for effective river management, floodwater and sediment needs accommodation space on protected floodplains, or alternatively, major water and sediment diversion schemes upstream of Chashma would be necessary to limit extensive floodplain inundation in the reach extending to Taunsa. The findings of this paper are a starting point for consideration of flood risk and the impact on the population of the river corridor of the Indus. The mechanism by which high river discharge impacts on the rural population can be considered in two key domains: first the loss of river bank through erosion and second through the sustained inundation of residential and agricultural production areas (Sharma et al., 2010) . Bank erosion can result in permanent displacement whereas inundation, assuming heavy deposition of sands is avoided, does not necessarily lead to long-term depopulation. Indeed there are some fertility benefits associated with flooding that are, of course, heavily offset by negative impacts in the case of severe flooding. The finding of this work is significant from the perspective of flood recovery planning as it identifies the potential to develop detailed flood exposure and risk maps and the associated need to prioritize flood protection, land rehabilitation, and the development of temporary refugia in contrast to the permanent displacement associated with erosive loss of land and the social disruption and conflict that are typical of such displacements.
